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SETS (also known as PR-SET?7) is a histone H4-Lys-20-specific methyltransferase that is implicated in
cell-cycle-dependent transcriptional silencing and mitotic regulation in metazoans. Herein we report the
crystal structure of human SET8 (hSET8) bound to a histone H4 peptide bearing Lys-20 and the product
cofactor S-adenosylhomocysteine. Histone H4 intercalates in the substrate-binding cleft as an extended
parallel B-strand. Residues preceding Lys-20 in H4 engage in an extensive array of salt bridge, hydrogen bond,
and van der Waals interactions with hSET8, while the C-terminal residues bind through predominantly
hydrophobic interactions. Mutational analysis of both the substrate-binding cleft and histone H4 reveals that
interactions with residues in the N and C termini of the H4 peptide are critical for conferring substrate
specificity. Finally, analysis of the product specificity indicates that hSETS8 is a monomethylase, consistent
with its role in the maintenance of Lys-20 monomethylation during cell division.
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Nucleosomes are the fundamental unit of packaging of
DNA in eukaryotes and are composed of 146 bp of DNA
wound around a histone octamer comprised of two cop-
ies each of the core histones H2A, H2B, H3, and H4. In
the presence of linker histones, such as H1, nucleosomes
can be arranged into higher-ordered structures, further
compacting the DNA and creating a repressive environ-
ment that silences transcription. Both core and linker
histones undergo a myriad of post-translational modifi-
cations that govern numerous genomic functions, in-
cluding transcription, mitosis, DNA repair, and recom-
bination (Fischle et al. 2003). Site-specific methylation of
lysines, which occurs within histones H1, H3, and H4,
has recently emerged as an important modification in
the epigenetic control of gene expression (Sims et al.
2003; Kuzmichev et al. 2004). Methylation of Lys-20 in
histone H4 is unique among these sites because of its
involvement in a diverse array of nuclear processes. Lys-
20 methylation is enriched in transcriptionally silent re-
gions (Fang et al. 2002; Nishioka et al. 2002), and tri-
methylation of this lysine selectively marks pericentric
heterochromatin (Schotta et al. 2004). In addition, this
modification has been linked to mitotic regulation in
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metazoans (Julien and Herr 2004; Karachentsev et al.
2005), cellular aging in mammals (Sarg et al. 2002), and
DNA damage checkpoint control in the cell cycle of
Schizosaccharomyces pombe (Sanders et al. 2004).
Research by various groups has resulted in the identi-
fication of several histone H4 Lys-20-specific protein
methyltransferases (PKMTs), including metazoan SETS8
(also known as PR-SET7) (Fang et al. 2002; Nishioka et
al. 2002), Drosophila ASH1 (Beisel et al. 2002), murine
NSD1 (Rayasam et al. 2003), and mammalian SUV4-
20H1/2 (Schotta et al. 2004) and its Schizosaccharomy-
ces pombe ortholog SET9 (Sanders et al. 2004). These
enzymes are members of the SET domain methyltrans-
ferase family that catalyze the methylation of select ly-
sines in proteins using the cofactor S-adenosylmethio-
nine (AdoMet) (Trievel 2004). SETS is the most studied
of the Lys-20-specific PKMTs and has been shown to
function in transcriptional silencing in metazoans (Rice
et al. 2002). Expression of this PKMT fluctuates during
the cell cycle and peaks during the G2/M transition.
During M phase, SET8 becomes phosphorylated (Georgi
et al. 2002) and is recruited to mitotic chromosomes
(Rice et al. 2002). Both the expression and localization of
SETS8 coincide with global fluctuations in the level of
Lys-20 methylation during the cell cycle, which peaks
during mitosis. The resulting Lys-20 methylation pat-
tern can be maintained beyond a single round of cell
division, suggesting that SET8 propagates an epigenetic
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imprint in transcriptional silencing (Rice et al. 2002;
Karachentsev et al. 2005).

In addition to cell-cycle-dependent gene silencing, this
PKMT also plays a pivotal role in mitotic regulation in
metazoans. In Drosophila, loss-of-function mutations in
the SET8 gene result in lethality during the larval to
pupal transition in development (Nishioka et al. 2002;
Karachentsev et al. 2005). An analysis of the SETS mu-
tants reveals a significant decrease in histone H4 Lys-20
mono-, di-, and trimethylation in comparison to the
chromatin of wild-type larvae and correlates with a gen-
eral loss in heterochromatic silencing (Karachentsev et
al. 2005). Larvae with SET8-null mutations also exhibit
abnormalities in mitosis that result in reduced cell size
and multinucleation, implying that the cells have under-
gone endoreplicative cell division. Similar phenomena
have been observed when SET8 expression is perturbed
in HeLa cell lines (Julien and Herr 2004). RNA interfer-
ence of the gene encoding HCF-1 (herpes simplex virus
host cell factor-1), a transcription factor that regulates
the expression of SETS, disrupts proper expression of the
enzyme, resulting in altered levels of monomethyl-Lys-
20 during mitosis. These aberrations coincide with se-
vere mitotic defects including improper chromosome
segregation during metaphase, aberrant cytokinesis, and
multinucleated daughter cells, correlating with the ef-
fects of the SET8-null mutants in Drosophila. Taken to-
gether, these studies firmly establish that SET8 has a
critical role in mitotic regulation in metazoans through
maintenance of Lys-20 monomethylation during cell di-
vision.

To gain greater insights into the biological functions of
this enzyme, we have determined the crystal structure of
human SET8 (hSETS8) bound to a histone H4 peptide
bearing Lys-20 and the product cofactor S-adenosylho-
mocysteine (AdoHcy). The structure of the ternary com-
plex and the accompanying biochemical analysis reveal
the mechanism by which hSETS8 specifically recognizes
Lys-20 in H4. In addition, the structure elucidates a
novel interaction between the cofactor and histone H4
that is not observed in other SET-domain PKMTs. Fi-
nally, product specificity analysis indicates that hSET8
is a bona fide histone H4 Lys-20 monomethylase, corre-
lating with its functions in transcriptional silencing and
maintaining Lys-20 monomethylation during mitosis.

Results and Discussion

Overall structure of the hSETS ternary complex

To elucidate the structure of hSET8 in complex with
histone H4, we cocrystallized a construct of the enzyme
encoding the catalytic SET domain (residues 191-352)
with a 10-residue H4 peptide (A-K-R-H-R-K,,-V-L-R-D)
and the product AdoHcy. Removal of the N-terminal 190
residues was necessary in order to obtain diffraction-
quality crystals of the complex, but did not impair the
activity of the enzyme (see below). The structure was
determined at 2.0 A resolution by selenomethionyl mul-
tiple wavelength anomalous dispersion (MAD) phasing
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using an 1220M mutant to enhance the Se anomalous
signal (Fig. 1A). The experimentally phased structure
was then used as a molecular replacement model to de-
termine the structure of the wild-type hSETS8 in complex
with the histone H4 peptide and AdoHcy at 1.45 A reso-
lution (Table 1).

The overall fold of the catalytic domain of hSETS is
structurally conserved with other SET-domain PKMTs
(Trievel 2004). The SET domain is composed of a single-
turn 3,4 helix (3,4, ;) and 12 B-strands (31-12) arranged
into four antiparallel B-sheets and a single parallel
B-sheet (Fig. 1B; Trievel et al. 2002). An «-helix («2) is
inserted between the B5- and B6-strands of the SET do-
main, as is observed in the structures of the histone H3
methyltransferases Neurospora DIM-5 (Zhang et al.
2002) and human SET7/9 (Wilson et al. 2002). This helix

Figure 1. Crystal structure of hSETS8. (A) Experimental Se-
MAD phased electron density map at 2.0 A resolution illustrat-
ing the active site of hSET8 bound to Lys-20 in histone H4. The
map is contoured at 1.0 o. The carbon atoms of hSETS8 and the
histone H4 residues are displayed and labeled in green and gold,
respectively. (B) Ribbon diagram of the secondary structure of
hSETS8 with the B-strands and a- and 3,4-helices denoted. The
SET, nSET, iSET, and cSET regions are depicted in green, yel-
low, blue, and red, respectively, while AdoHcy and the H4 pep-
tide are represented in magenta and orange, respectively.



Structure and function of SET8

Table 1. Data and refinement statistics for the crystal structure of hSET8 bound to AdoHcy and a histone H4 peptide

Se-Met data of 1220M mutant
Data collection Native Inflection High remote Peak
Space group: P1 a=43.9,b=457,¢c=944 a=443,b=44.7,c=523
«=89.2,B=87.1,v=90.7 a =648, B=888, =895

Wavelength (A) 0.9686 0.9792 0.9686 0.9791
Resolution (A) 1.45 2.0 2.0 2.0
Rinerge (%) 4.2(19.2) 4.7 (7.2) 5.1(5.9) 6.4 (8.7)
1/ol 19.48 (6.9) 22.5(19.7) 21.5 (20.0) 12.5 (9.8)
Reflections

Total 405,744 96,027 95,740 68,780

Unique 122,436 23,246 24,153 24,087
Completeness 94.1 (90.1) 95.1(87.2) 95.5(91.5) 95.2 (94.9)
Phasing power 3.615 3.589 2.879
Sites found/Total 6/8
F.O.MP 0.8328
Refinement (native) R.M.S.
Resolution Range 10-1.45 A Bond length (A) 0.008
Reflections (Fo > 20) 405,744 Bond angles (°) 1.188
Final Model B-factors (A2) 16.15

Protein atoms 5132

H4/AdoHcy 304/114 Average B-factors (A?)

Water atoms 1007 Protein 14.37
R-factors® Histone H4/AdoHcy 15.27/8.16
R, ortcing 16.9 Water 26.22

R, 19.9

“Numbers in parentheses refer to data in the highest resolution shell.

PAfter phasing in SHARP.

“R-factor: Ryoping = X |/ Fo I =1 Fe Il /¥ 1 Fo |; Ryee = XT I1 Fo I - I Fe Il /T | Fo |, where T is a test data set consisting of 5% of the

total reflections randomly chosen and set aside before refinement.

forms the inserted SET or iSET region, and variations in
the sequence and structure of this motif play a key role
in determining the substrate specificity of different
PKMTs (Xiao et al. 2003b). In contrast, the N- and C-
terminal regions that flank the SET domain of hSET8
(referred to as the nSET and cSET regions, respectively)
are not conserved in the structures of other histone
methyltransferases. In the nSET region, a single a-helix
(a1) precedes the SET domain, similar to the N-terminal
a-helix of Rubisco large subunit methyltransferase
(LSMT), a plant SET-domain enzyme (Trievel et al.
2002). The ¢SET region of hSETS8 is composed of a short
a-helix (a3) and a 3, helix (3,,_,) that pack against the
cofactor and protein substrate-binding sites. Mutations
within this region abrogate substrate binding and cataly-
sis (see below), agreeing with the truncation studies re-
ported by Zhang and colleagues (Fang et al. 2002).

AdoMet-binding site

The product AdoHcy adopts a horseshoe-shaped confor-
mation in the cofactor-binding pocket that is formed by
the 1-B2 turn, the loop preceding p6, the B8-strand, and
the a3-helix in the ¢SET region (Fig. 1B). The adenine
moiety of AdoHcy is sandwiched between the indole
ring of Trp-349 and the aliphatic side chain of Lys-226,

and the purine N6 and N7 atoms hydrogen-bond to the
backbone carbonyl and amide groups of His-299, respec-
tively (Fig. 2A). At the opposite end of the cofactor, the
positively charged a-amino group is recognized by a tri-
gonal array of hydrogen bonds with the main chain car-
bonyl oxygens of Lys-226 and Arg-228 and the amide O3
of Asn-298. In addition, the carboxylate moiety of the
AdoHcy forms a highly conserved salt-bridge interaction
with the guanidinium group of Arg-228 and also hydro-
gen-bonds to the hydroxyl of Tyr-271. Overall, the co-
factor-binding mode is structurally conserved with other
SET-domain methyltransferases and serves to orient the
methyl group of AdoMet into the methyltransfer pore
during catalysis (Trievel 2004).

Despite these similarities, a striking difference is
observed in the interactions with the ribose moiety of
AdoHcy in the hSETS ternary complex. In the structures
of other SET-domain PKMTs, the ribose hydroxyls of the
cofactor are either solvent-exposed, such as in hSET7/9
(Xiao et al. 2003a) and Rubisco LSMT (Trievel et al.
2002), or hydrogen-bonded with neighboring residues, as
is observed in DIM-5 (Zhang et al. 2003). However in the
hSETS ternary complex, the 3’-OH hydroxyl engages in a
direct hydrogen bond with the imidazole moiety of His-
18 in the histone H4 peptide (Fig. 2A). This novel sub-
strate—cofactor interaction does not occur within other
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Figure 2. Cofactor-binding pocket. (A) Stereoview of the cofactor-binding cavity in complex with AdoHcy. The carbon atoms in
hSETS, the cofactor, and the H4 peptide are depicted in gray, green, and gold, respectively. Hydrogen bonds are illustrated as dashed
blue lines. (B) ITC titration experiment with the wild-type histone H4 peptide and hSETS8 (upper trace) and the fitted binding curve
(Iower trace). (C) Michaelis-Menten plot of the initial velocity versus substrate concentration for the methylation of the H4 peptide

by hSETS.

SET-domain enzymes because the residues that line the
floor of the protein substrate-binding cleft occlude the
AdoMet-binding pocket, preventing direct contact be-
tween the histone and the cofactor. Using isothermal
titration calorimetry (ITC) (Fig. 2B), we determined that
mutation of His-18 to phenylalanine modestly affects
the affinity of hSETS8 for histone H4, whereas substitu-
tion of this residue by alanine (H18A) completely abol-
ishes binding (Table 2). Interestingly, both the H18F and
H18A substitutions severely abrogate AdoHcy binding
(J.-F. Couture and R.C. Trievel, unpubl.), suggesting that
the hydrogen bond between His-18 and the cofactor is
important for high-affinity binding of AdoMet. However,
steady-state kinetic analysis of native hSETS8 (Fig. 2C)
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and the His-18 mutants reveals that the H18F mutant
exhibits only a slight reduction in its substrate specific-
ity (k.,./K,; value) in comparison to the native H4 pep-
tide, while the HI8 A mutant completely eliminates his-
tone H4 methylation by hSETS. Collectively, these re-
sults suggest that the hydrogen bond between the
cofactor and His-18 in histone H4 enhances the affinity
of AdoMet for hSETS, but is not essential for catalysis.

Histone H4 recognition by hSET8

The experimental map obtained from the Se-MAD phas-
ing of hSETS yielded unambiguous electron density for
residues 16-24 in histone H4. The H4 peptide binds in a



Table 2. Mutational analysis of histone H4 and the
substrate binding cleft of hSETS8

kcat/KM
K (aMx min'l)

hSETS8 Kp (uM) Ky, (M) (min!) x 10°
Wild type 33 =1 400 +30 0.43 =0.02 1.1 +0.1
E259A >500 — — 0.06 +0.01
E259Q 84 +2 870+ 7 0.12+0.01 0.14 £0.01
C270A >500 — — 0.09 = 0.02
D338A >500 N.A. N.A. N.A.
D338N >500 N.A. N.A. N.A.
H347A >500 1020 +40 0.20+0.04 0.20+0.04
H347F 1.6 £0.1 74+12 0.21+0.01 28 2
H347E >500 470 +40 0.08+0.01 0.17+0.03
H4 peptide (A;5K;4R17H;sR9Kz0Va1LonRo3Doy)
R17A N.B. N.A. N.A. N.A.
R17E N.B. N.A. N.A. N.A.
R17Q >500 1980 +50 0.12+0.01 0.06 +0.005
R17K 24010 1890+70 0.14+0.04 0.07 =0.002
HI18A N.B. N.A. N.A. N.A.
HI18F 120+ 4 420+ 7 0.35+0.03 0.84 +0.07
HI8E N.B. — — 0.09 = 0.008
R19A 41 +1 3107 0.34 +0.02 1.1 £0.1
R19E 23010 1990+90 0.24+0.04 0.12+0.02
R19Q 88 +2 530+ 9 0.28 £0.01  0.53 =0.02
R19K 39+1 360 + 4 0.39 + 0.03 1.1+0.1
V21A 161 390+10 0.11£0.02 0.29 =0.05
V21F 54 +3 160 + 6 0.35 +0.04 2.1+0.3
L22A N.B. — — 0.02 = 0.004
L22F 31+2 110 £ 2 0.36 = 0.02 32+02
R23A 27 £ 1 210+5 0.36 £ 0.03 1.7+0.1
R23L 3.8+0.1 22 + 1 0.40 = 0.06 22 +3
R23E 27 +2 290+20 0.26+0.06 091 +0.22

(>500) A lower limit of the K, value is reported because satu-
ration of the enzyme with ligand could not be achieved during
ITC titrations.

(N.B.) No heat of binding was detected using ITC.

(N.A.) No activity was detected in the methyltransferase assay.
(—) The individual values of K,; and k., are not reported be-
cause the K, value is beyond the measurable range; the k_,, /Ky,
values are reported in these cases.

deep cleft formed by the B6-strand and iSET «a2-helix on
one side and the loop connecting the B12-strand and the
cSET «3-helix on the other (Fig. 1B). To facilitate the
discussion of histone H4 recognition by hSETS8, we have
divided the analysis of its binding into three categories
based on (1) interactions with the H4 peptide backbone,
(2) contacts with the side chains of residues N-terminal
to Lys-20 in H4, and (3) side-chain interactions with resi-
dues C-terminal to Lys-20. The peptide backbone of his-
tone H4 is anchored in the substrate-binding cleft
through the formation of a parallel B-sheet with the B6-
strand (Fig. 3A) and hydrogen-bonds with the side chains
of GIn-276, Asp-338, and His-347 (Fig. 3B). Lys-20 is at
the center of this B-sheet interaction, which firmly de-
posits the lysine side chain into the active site. A com-
parison of the hSET8:histone H4 complex with the struc-
tures of DIM-5 (Zhang et al. 2003) and hSET7/9 (Xiao et
al. 2003a) bound to histone H3 reveals that the parallel
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B-sheet-binding mode is conserved among the three
PKMTs, although the substrate-binding cleft of hSETS is
deeper and more pronounced than in the other enzymes
(Fig. 3A).

To probe the interactions between hSETS8 and the H4
backbone, we mutated Asp-338 and His-347 and mea-
sured their effects on histone binding and methylation
(Table 2). Substitution of Asp-338 to asparagine and ala-
nine in hSETS8 abolishes both histone H4 binding and
methylation. The results of the asparagine mutation are
surprising because its amide side chain would be ex-
pected to maintain hydrogen bonding with the backbone
amide of Arg-19 in H4. However, the carboxylate of Asp-
338 also hydrogen-bonds to the amide of Ser-340 in the
cSET region, indicating that this residue forms a hydro-
gen-bond bridge between this serine and Arg-19 in H4
that cannot be maintained in the D338N mutant. Muta-
tion of His-347 to alanine, glutamate, or phenylalanine
has variable effects on the affinity and methylation of
histone H4. The glutamate and alanine substitutions
weaken the interactions between H4 and hSETS8 as de-
termined by ITC and also reduce the substrate specificity
by approximately fivefold. In contrast, the H347F muta-
tion enhances the affinity of hSET8 for histone H4 as
judged by the decrease in the K and K, values versus
the wild-type enzyme, despite the loss of hydrogen bond-
ing between the imidazole N_2 atom and the backbone
carbonyl of Lys-16 in H4 (see below).

The side chains of the residues in the N-terminal part
of the histone H4 peptide are recognized through an in-
timate series of hydrogen-bond, salt-bridge, and van der
Waals interactions in the substrate-binding cleft of
hSETS (Fig. 3B). The side chain of Arg-17 in histone H4
engages in a complex array of hydrogen bonding within
the binding cleft of the enzyme. The guanidinium group
hydrogen-bonds to the carbonyl oxygen of Gly-269 and
forms water-mediated hydrogen bonds with the back-
bone amide of Tyr-271 and the carbonyl oxygens of Tyr-
262 and His-18 in H4. Moreover, the Arg-17 gua-
nidinium moiety engages in a salt-bridge interaction
with the carboxylate of Glu-259 and also participates in
van der Waals contacts with the sulfhydryl group of Cys-
270. The side chain of His-18 in histone H4 is also in-
volved in a variety of interactions within the substrate-
binding cleft. In addition to hydrogen bonding to the ri-
bose 3'-OH of AdoHcy, the imidazole group forms edge-
to-face aromatic ring interactions with the side chains of
His-347 and Trp-349 in the cSET region and also partici-
pates in van der Waals contacts with the sulfhydryl
group of Cys-270. The guanidinium group of Arg-19 in
H4 engages in a salt-bridge interaction with the carbox-
ylate of Glu-259 and also forms a cation—m interaction
with the phenol side chain of Tyr-274. Collectively,
these interactions can be grouped into two categories
that appear to be important for recognition of the histone
H4 N terminus by hSETS: (1) an edge-to-face aromatic
cluster comprised of His-347 and Trp-349 in the enzyme
and His-18 in H4 and (2) a salt-bridge network between
Arg-17 and Arg-19 in H4 that is bridged by the carbox-
ylate of Glu-259.

GENES & DEVELOPMENT 1459
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A

AdoHcy D338

Figure 3. Histone substrate-binding cleft. (A) Two orthogonal views of the molecular surface of the histone-binding cleft of hSET8
in which the B6-strand is denoted through the transparent surface. The H4 peptide and cofactor are rendered in orange and magenta,
respectively, while the secondary structure of the enzyme is depicted as in Figure 1B. (B) Substrate-binding cleft of hSET8 in which
the carbon atoms of the protein, the H4 peptide, and the cofactor are illustrated in gray, gold, and green, respectively. Hydrogen bonds
are displayed as dashed blue lines. Protein and ligands atoms are labeled according to the color of their carbon atoms, except for
mutations in hSET8 that are labeled in red.

To elucidate the determinants of the histone lysine nus of histone H4. As mentioned above, mutation of the
specificity of hSET8, we screened a series of site-directed His-347 to phenylalanine in hSET8 markedly increases
mutants in the substrate-binding cleft and the N termi- affinity for histone H4 by ~30-fold (Table 2). This residue
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participates in the aromatic cluster with Trp-349 and
His-18 in H4 (Fig. 3B), and the H347F mutant substan-
tially enhances the edge-to-face interactions among
these aromatic residues. In contrast, an alanine mutation
of Cys-270, whose sulfhydryl group engages in van der
Waals contacts with the imidazole group of His-18 and
the guanidinium moiety of Arg-17, severely disrupts his-
tone H4 binding and methylation. Although this residue
does not directly participate in the aromatic cluster or
Glu-259 salt bridge, it may serve to orient the side chains
of Arg-17 and His-18 within the substrate-binding cleft.
In addition to the hSET8 mutations, we mutated His-18
in histone H4 to determine its effect on the specificity of
the enzyme. Interestingly, the substitution of His-18 by
phenylalanine does not impact the affinity to nearly the
same extent as the H347F substitution in the substrate-
binding cleft. However, mutation of His-18 to alanine
completely abolishes both histone H4 binding and meth-
ylation by hSET8, while a glutamate substitution at this
position reduces the k_,,/K,, value ~12-fold (Table 2). As
discussed previously, His-18 hydrogen-bonds to the ri-
bose moiety of the cofactor, enhancing the binding of
AdoMet during histone methylation. Similarly, the in-
dole ring of Trp-349 not only participates in the edge-to-
face contacts within the aromatic cluster but also en-
gages in a m-stacking interaction with the adenine ring of
the cofactor (Fig. 2A). Collectively, these interactions
underscore the fundamental function of the aromatic
cluster in both histone H4 and AdoMet binding.

The salt-bridge network comprised of Glu-259 in
hSET8 and Arg-17 and Arg-19 in histone H4 also plays a
key role in substrate recognition (Fig. 3B). An alanine
mutation of Glu-259, which resides in the iSET a-helix
of hSETS, eliminates this salt-bridge network and dra-
matically impairs histone H4 binding, emphasizing its
importance in substrate specificity (Table 2). Con-
versely, an E259Q) substitution modestly reduces histone
H4 binding and methylation by hSETS, indicating that
hydrogen bonding between this mutant’s amide side
chain and the H4 arginines can partially compensate for
the loss of the ionic interactions in the salt-bridge net-
work. To identify if Arg-17 or Arg-19 (or both) is required
for histone H4 recognition by the enzyme, we mutated
each of these residues to alanine, glutamate, glutamine,
or lysine, respectively. Mutation of Arg-17 to alanine or
glutamate completely abolishes histone H4 binding and
methylation, while the lysine and glutamine substitu-
tions retain residual activity as substrates. The results
with the R17K H4 mutant were somewhat surprising
because of the conservation of the positive charge, which
can maintain a salt bridge with the carboxylate of Glu-
259. Collectively, the Arg-17 mutations strongly suggest
that its guanidinium group is specifically recognized
through the salt-bridge interaction with Glu-259 and by
direct and water-mediated hydrogen bonds within the
substrate-binding cleft of hSET8. Whereas the Arg-17
mutants abrogate interactions between the enzyme and
histone H4, substitutions of Arg-19 have little impact on
either H4 binding or methylation, with the exception of
the R19E mutant, which reduces affinity for the enzyme
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due to its negatively charged carboxylate group. To sum-
marize, our results reveal that the salt bridge formed
between Glu-259 in hSETS8 and Arg-17 in histone H4 is a
prerequisite for substrate binding and methylation of
Lys-20 by hSETS.

In contrast to the N-terminal part of histone H4, most
of the residues C-terminal to Lys-20 are solvent-exposed
and do not engage in significant interactions with hSET8
(Fig. 3B). For example, mutations of Val-21 in H4 to ala-
nine or phenylalanine have only modest effects on sub-
strate binding and methylation by the enzyme (Table 2).
However, substitution of the neighboring Leu-22 by ala-
nine virtually abolishes histone H4 binding and reduces
the substrate specificity of the enzyme >50-fold. An in-
spection of the substrate-binding cleft reveals that this
leucine binds in a shallow hydrophobic pocket formed by
the aliphatic side chains of Thr-307, Leu-309, and Leu-
318 in hSETS8. Mutation of Leu-22 to a phenylalanine is
readily accommodated in this position, indicating that
this hydrophobic pocket is a key determinant in histone
H4 recognition. The side chains of the remaining resi-
dues in the H4 peptide, Arg-23 and Asp-24, do not engage
in extensive interactions within the substrate-binding
cleft of the enzyme. To illustrate this, substitution of
Arg-23 by alanine or glutamate has no significant effect
on H4 binding and methylation. Intriguingly, an R23L
mutation results in an ~10-fold increase in the affinity of
hSETS for histone H4, as judged by its K, and K, values.
It is difficult to reconcile this observation with the sol-
vent exposure of Arg-23 in the structure of the ternary
complex. However, we hypothesize that the peptide
backbone of the H4 R23L mutant may adopt a different
conformation when bound to hSETS, permitting this
residue to engage in hydrophobic interactions with the
enzyme similar to those observed for Leu-22. Taken to-
gether, these results reveal that the C terminus of his-
tone H4 is anchored in the substrate-binding cleft of
hSET8 through a hydrophobic specificity pocket that
recognizes Leu-22 or other bulky hydrophobic residues
in this position.

Based on our collective biochemical and structural
analyses of the histone H4 specificity of hSETS, we iden-
tify a consensus motif for substrate recognition by this
PKMT: R-Q-(-K-X-® (where ) is an aromatic residue, { is
a nonacidic residue, K is the methylation site, X is any
residue, and @ is a bulky hydrophobic residue) (Aasland
et al. 2002). The arginine (R) and an aromatic residue ()
are required in the N terminus of this motif because they
engage in highly specific interactions within the salt-
bridge network and aromatic cluster, respectively. The
methylation site K is preceded by any nonacidic residue
(¢), ideally a basic amino acid that can participate in a
salt-bridge interaction with Glu-259 in the substrate-
binding cleft. At the C terminus of the motif, a bulky
hydrophobic residue () is recognized through its bind-
ing in the hydrophobic specificity pocket of the sub-
strate-binding cleft.

A comparison of the hSET8:histone H4 complex with
the histone H3-bound structures hSET7/9 and DIM-5
(which methylate Lys-4 and Lys-9 in H3, respectively)
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reveals substantial differences in substrate recognition
by these PKMTs. In the crystal structure of DIM-5 bound
to histone H3 (Zhang et al. 2003), the enzyme forms an
extended parallel B-sheet with the peptide backbone of
H3, similar to the hSETS8:histone H4 complex. However,
the side chains of histone H3 participate in few contacts
within the substrate-binding cleft of DIM-5, unlike the
intimate series of interactions that are critical for his-
tone H4 recognition by hSET8. Recent studies of the
substrate specificity of hSET7/9 have revealed that it rec-
ognizes a consensus motif in its protein substrates: K/R-
S/T-K (in which K is the methylation site) (Chuikov et
al. 2004). Although hSET7/9 recognizes a specific series
of residues preceding its methylation site, this PKMT
does not form an extensive B-sheet with the protein sub-
strate, unlike DIM-5 and hSETS8. To summarize, the his-
tone specificity of hSETS8 appears to be a combination of
the substrate-binding modes of DIM-5 and hSET7/9 in
which the enzyme not only engages in an extended par-
allel B-sheet with H4, but also recognizes the residues
flanking Lys-20 through an extensive network of side-
chain interactions (Fig. 3B).

Product specificity of hSET8

Analyses of histone H4 Lys-20 methylation patterns in
Drosophila and HeLa cells suggest that hSET8 functions
as a monomethylase. However, the degree of methyl-
ation of Lys-20 catalyzed by this enzyme, commonly re-
ferred to as the product specificity of a PKMT (Zhang et
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al. 2003), has not been rigorously established. To deter-
mine the product specificity of hSET8, we conducted
histone methyltransferase assays and subjected aliquots
of the reaction to MALDI mass spectrometry to deter-
mine the methylation state of Lys-20 in histone H4. The
data indicate a shift in the mass/charge (m/z) ratio from
1320 to 1334 in the H4 peptide after its reaction with
hSETS, corresponding to the addition of a single methyl
group (Fig. 4A). Incubation of the enzyme with the H4
peptide for 24 h results in a complete conversion to
monomethyl-Lys-20 with no discernible accumulation
of the di- or trimethylated states (data not shown). Thus,
wild-type hSETS8 is a bona fide histone H4 Lys-20 mono-
methylase, correlating with its in vivo function in main-
taining Lys-20 monomethylation during cell division.
After characterizing the product specificity of hSETS,
we sought to understand the mechanisms that control
lysine monomethylation by this PKMT. Examination of
the active site reveals two residues, Tyr-245 and Tyr-
334, that hydrogen-bond to the e-amino group of Lys-20
through direct and water-mediated interactions, respec-
tively (Fig. 4B). The positions of the hydroxyl groups of
these tyrosines are structurally conserved with Tyr-245
and Tyr-305, respectively, in the active site of hSET7/9
(Fig. 4C). The Tyr-245/Tyr-305 pair hydrogen-bonds to
the e-amino group of Lys-4 in histone H3 and arrests
catalysis at the monomethylation state through stabili-
zation of the methyllysine product complex in hSET7/9
(Fig. 4C; Xiao et al. 2003a; Zhang et al. 2003). The struc-
tural similarities of the lysine-binding channels of these
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Figure 4. Product specificity of hSET8. (A) MALDI mass spectrometry of the 10-residue histone H4 peptide (m/z = 1320) and its
methylation by wild-type hSETS8 and the Y334F mutant. (B) Close-up view of hSETS lysine-binding channel. Residues and the water
molecule that interact with the side chain of Lys-20 are illustrated. Hydrogen bonds are rendered as dashed blue lines. The carbon
atoms of Lys-20, AdoHcy, and the enzyme are depicted in gold, green, and gray, respectively. (C) Stereoview of a superimposition of
the lysine-binding channels of hSET8:H4 Lys-20 (blue), hSET7/9:H3 MeLys4 (109S.pdb, red), and DIM-5:H3 Lys-9 (1PEG.pdb, green).
Hydrogen bonds are rendered with dashed lines corresponding to the color of each enzyme.
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Table 3. Mutational analysis of the tyrosines within the lysine binding channel of hSET8

Lysine pore Kp (uM) K,, (aM) k., (min™) ke/Kpy (AM™! x min~!) x 10°
Wild type 33=+1 400 + 30 0.43 £ 0.02 1.1+0.1

Y245A >500 N.A. N.A. N.A.

Y245F >500 N.A. N.A. N.A.

Y334A >500 — — 0.005 = 0.001

Y334F 19+2 520 = 30 0.45+£0.11 0.90 = 0.20

(>500) A lower limit of the K, value is reported because saturation of the enzyme with ligand could not be achieved during ITC
titrations.

(N.A.) No activity was detected in the methyltransferase assay.

(—) The individual values of K, and k., are not reported because the K,, value is beyond the measurable range; the k_,,/K,, values are

reported in these cases.

two PKMTs provide a mechanistic explanation for the
product specificity of hSETS. To further probe the meth-
yltransfer properties of the enzyme, we superimposed its
active site with DIM-5, a histone H3 Lys-9-specific
methyltransferase (Fig. 4C). The alignment reveals that
Tyr-245 in hSETS is structurally conserved with Tyr-178
in DIM-5, whereas Tyr-334 aligns with a phenylalanine
(Phe-281), respectively. The absence of a second hydro-
gen-bonding tyrosine in the active site of DIM-5 enables
this PKMT to catalyze trimethylation of Lys-9 in H3
(Zhang et al. 2003). Based on this observation, we hy-
pothesized that mutation of either Tyr-245 or Tyr-334 in
the active site of hSET8 might convert the product speci-
ficity of this PKMT to either a Lys-20 di- or trimethylase.

To test this hypothesis, we mutated each of these ty-
rosines to alanine or phenylalanine, respectively, and de-
termined the enzymatic activity and product specificity
of each mutant. Mutation of Tyr-334 to phenylalanine
has virtually no effect on histone H4 binding or methyl-
ation by hSET8, whereas an alanine substitution at this
position severely compromises enzymatic activity
(Table 3). Mass spectrometric analysis of the Y334F mu-
tant reveals that it is capable of catalyzing mono- and
dimethylation of Lys-20 in histone H4 (Fig. 4A). Reac-
tion of the H4 peptide with the Y334F mutant for 24 h
primarily yields dimethyl-Lys-20 with no detectible tri-
methylation of this residue (data not shown). These re-
sults are consistent with our prediction based on the
active-site alignment with DIM-5 and also agree with
the structurally homologous Y305F mutation in hSET7/
9, which converts this PKMT to a histone H3 Lys-4 di-
methylase (Fig. 4C; Zhang et al. 2003). In contrast, mu-
tation of Tyr-245 to either alanine or phenylalanine com-
pletely abolishes methyltransfer by hSETS8. The effects
of these substitutions correlate with mutations of the
structurally conserved Tyr-245 in hSET7/9 that disrupt
the activity of this PKMT (Xiao et al. 2003a). Taken to-
gether, the mutational analysis of Tyr-245 and Tyr-334
in the active site of hSET8 provides a molecular basis for
histone H4 Lys-20 monomethylation by this PKMT.
Moreover, our results concur with the Phe/Tyr switch
model recently proposed by Cheng and colleagues in
which the presence or absence of specific tyrosines
within the lysine-binding channel governs the product
specificity of SET-domain PKMTs (Collins et al. 2005).

Conclusions

In summary, the biochemical and structural studies of
hSET8 presented herein have elucidated the mecha-
nisms by which this PKMT recognizes histone H4 Lys-
20, permitting the identification of a consensus methyl-
ation motif for the enzyme. It will be interesting to
determine whether other H4 Lys-20-specific methyl-
transferases, such as SUV4-20H1/2 (Schotta et al. 2004),
exhibit a similar specificity for the residues that flank
this lysine. In addition, our analysis of the product speci-
ficity of hSET8 has established that this enzyme is a
Lys-20 monomethylase, in agreement with previous re-
ports of histone H4 methylation in HeLa cells (Julien and
Herr 2004) and Drosophila (Karachentsev et al. 2005).
Despite the role of this PKMT in maintaining Lys-20
monomethylation during the cell cycle, the mechanisms
by which this modification mediates transcriptional si-
lencing are currently unresolved. Identifying effector
proteins that specifically recognize the monomethylated
state of Lys-20 will be pivotal in gaining a complete per-
spective of the regulatory functions of SET8 in mitosis
and gene expression in metazoans.

Materials and methods

Cloning and expression of hSET8

A construct of hSET8 encoding residues 191-352 was cloned
into the parallel expression vector pHIS2 using BamHI and Xhol
restriction sites (Sheffield et al. 1999). The enzyme was then
overexpressed in Escherichia coli BL21 (DE3) Codon Plus RIL
cells (Stratagene) at 17°C and purified to homogeneity using
Talon Co** (Clontech) affinity and Superdex 75 (Amersham Bio-
sciences) gel filtration chromatographies, essentially as reported
for pea Rubisco LSMT (Trievel et al. 2002) (with the exception
that gel filtration was performed in 20 mM Tris-HCl at pH 7.0,
100 mM NaCl, and 10 mM B-mercaptoethanol). Mutants of
hSETS8 were prepared using the QuikChange Site-Directed Mu-
tagenesis Kit (Stratagene), and the sequences were verified by
dideoxy sequencing. Mutants of hSET8 were expressed and pu-
rified as described for the wild-type enzyme.

Histone H4 peptides

Wild-type and mutant histone H4 peptides (sequence: A 5-K, -
Ry,-H 5-Ry9-Ky5-V,;-Lsyy-Ry5-D,,) were purchased from New En-
gland Peptide, Inc. Peptides were synthesized with N-terminal
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acetyl and C-terminal amide groups and were delivered as 2.5-
mg lyophilized aliquots that were resuspended in deionized wa-
ter to the appropriate concentration prior to use.

Crystallization and structure determination

Selenomethionyl-derivatized hSET8 containing an 1220M mu-
tation was prepared according to the protocol of Doublie (1997).
Native and SeMet crystals of the ternary complex were obtained
in 25%-35% Pentaerythritol Ethoxylate (15/4), 50 mM
(NH,),SO,, and 100 mM Bis-TRIS (pH 6.0-7.0) at 4°C using 40
mg/mL hSET8 and a twofold molar ratio of the histone H4
peptide and AdoHcy. Crystals were then harvested in mother
liquor and directly flash-frozen in liquid nitrogen. A seleno-
methionyl multiwavelength anomalous dispersion (MAD) ex-
periment was conducted at the 32-ID beamline of COM-CAT at
the Advanced Photon Source Synchrotron. Data were collected
on a single crystal of the 1220M mutant at the selenium edge
with a Mar165 CCD detector (Mar Research) and subsequently
processed and scaled using Denzo and Scalepack (Table I;
Otwinowski and Minor 1997). A complete high-resolution data
set was also collected to 1.45 A using a single crystal of native
hSETS8. After processing and scaling the peak, inflection point,
and high remote wavelength data sets, the data were submitted
for structure determination in the Automated Crystallographic
System (ACrS) (Brunzelle et al. 2003). The best solution resulted
from the HySS (Grosse-Kunstleve and Adams 2003), SHARP (de
la Fortelle and Bricogne 1997), DM/Solomon (Cowtan and Main
1993; Abrahams and Leslie 1996), and ARP/wARP (Perrakis et
al. 1999) pathway. The 2.0 A experimental map was readily
interpretable and permitted automated model building in ARP/
wARP (Fig. 1A). The resulting hSET8 model was then used for
molecular replacement with the native data set in MOLREP
(Vagin and Teplyakov 1997). Four molecules were located in the
triclinic cell, which were then used for model building in O
(Jones et al. 1991) and refinement in REFMAC (Murshudov et al.
1997). In later stages of refinement, water molecules were
added, and residues with alternative conformations were mod-
eled. In the final model, Ala-15 and the side chain of Lys-16 were
omitted due to poor electron density in the N terminus of the H4
peptide. The final structure has R qxing and Ry values of 16.9%
and 19.9%, respectively (Table 1) and excellent geometry with
none of the nonglycine residues present in the disallowed regions
of the Ramachandran plot. Structural figures were generated and
rendered in PyMOL (http://www.pymol.org).

Isothermal titration calorimetry

The equilibrium dissociation constants of wild type and mu-
tants of hSET8 and histone H4 were determined using a VP-ITC
calorimeter (MicroCal, LLC). The enthalpies of binding of wild
type and mutants of hSET8 (60-120 uM) and the histone H4
peptide (1.0-2.0 mM) were measured at 20°C in 20 mM sodium
phosphate (pH 7.0) and 100 mM NaCl. A saturating concentra-
tion of AdoHcy (1.0-2.0 mM) was used in all titrations. ITC data
were subsequently analyzed using Origin 7.0 (OriginLab Corp.)
with blank injections of ligand into buffer subtracted from the
experimental titrations prior to data analysis. All of the calcu-
lated binding curves had N-values between 0.85 and 1.00.
Curve-fitting errors for each experiment are reported in Tables
2 and 3.

Histone methyltransferase assays

The steady-state kinetic parameters for wild type and mutants
of hSET8 and histone H4 were determined using a coupled
fluorescent methyltransferase assay recently developed in our
laboratory (Collazo et al. 2005). S-adenosylmethionine (AdoMet)
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was purified by cation exchange to remove impurities present in
the commercially available cofactor, as described by Barker and
coworkers (Chirpich et al. 1970). Assays were performed in 100
mM HEPES buffer (pH 7.5) and 0.02% maleimide-treated BSA
with 0.5-2.0 pM hSETS, a saturating concentration of AdoMet (50
uM), and varying concentrations of histone H4 peptide. Assays
were performed in duplicate with a final volume of 150 pL. To
determine the K,; and k,,, values, peptide concentrations were
varied from 0.05 to 4.0 mM. In cases in which the K,, value was
too high to be accurately measured (>2.5 mM), the substrate speci-
ficity (k,,./Ky;) was determined by varying the H4 peptide concen-
tration (0.16-0.64 mM) below the K, value. This simplification
permits the k., /K, value to be determined from the linear rela-
tionship between the initial velocity and substrate concentration
within this range of the Michaelis-Menten plot. Fluorescence was
measured using a GeniosPro microplate reader (Tecan), and initial
velocities were calculated by a linear fit from the plot of the fluo-
rescence values versus time. The steady-state kinetics parameters
were then calculated by plotting the velocity versus peptide con-
centration and fitting the Michaelis-Menten equation to the data
in SigmaPlot (Systat Software, Inc.).

Mass spectrometry analysis

Histone methyltransferase assays were performed with wild-
type hSETS8 and the Tyr-245 and Tyr-334 mutants (5 uM) as
described above and were quenched after 15 min or 24 h by the
addition of 0.5% trifluoroacetic acid. Aliquots of the samples
were cocrystallized with a-cyano-4-hydroxycinnamic acid (1:1),
applied on the target, and dried at room temperature. The mass
spectra were acquired on the TofSpec 2E MALDI-TOF mass
spectrometer (Waters, Inc.) in reflectron mode, with each spec-
trum representing the average of 50 laser shots. Close external
calibration was used based on the following mixture: bradikinin
fragment 1-8, m/z=904.41 (for [M +H]|+); angiotensin II,
m/z = 1046.54; [Glul]-fibrinopeptide B, m/z = 1570.68; ACTH
(clip 18-39), m/z = 2465.20.
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